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In Brief
Smith et al. demonstrate that edge and uniform luminance stimuli activate modular maps of luminance polarity (dark versus light) in layer 2/3 of primary visual cortex. Individual neurons integrate polarity with orientation, preserving polarity specific signals for downstream cortical areas.
INTRODUCTION
Selectivity for the polarity of luminance transitions (a preference for ON versus OFF) is a prominent feature of neural responses early in the visual pathway and is a key organizing principle of retinal and LGN circuits. Neurons of both the retina and LGN exhibit either ON-or OFF-center receptive fields, and show polarity-based anatomical segregation in distinct layers of the retina, as well as in the LGN of carnivores and primates (Famiglietti et al., 1977; LeVay and McConnell, 1982; Nelson et al., 1978; Schiller and Malpeli, 1978; Stryker and Zahs, 1983; Conway and Schiller, 1983) . In visual cortex, ON-and OFF-center thalamocortical axons converge onto layer 4 neurons generating orientation selective simple cells that exhibit ON and OFF responses (Hubel and Wiesel, 1962; Tanaka, 1983; Reid and Alonso, 1995; Usrey et al., 2003) . Layer 4 simple cells in turn provide input to complex cells in layer 2/3 that exhibit overlapping ON and OFF response fields (Gilbert and Wiesel, 1979; Martin and Whitteridge, 1984; Alonso and Martinez, 1998; Martinez and Alonso, 2001) . As a result of this convergence, the fate of polarity signals in the superficial layers of primary visual cortex-the layers that are critical for the function of downstream extrastriate areas-has remained unclear. Although several recent studies have emphasized an OFF bias in the responses of layer 2/3 neurons (Yeh et al., 2009; Xing et al., 2010) , polarity selectivity has not been considered a major factor in the mechanisms that underlie coding of visual information by layer 2/3 neurons.
However, several lines of evidence suggest that some degree of polarity selectivity might be maintained in the responses of layer 2/3 neurons. In carnivores, ON and OFF LGN axons arborize in a spatially segregated pattern within cortical layer 4 (Jin et al., 2008; McConnell and LeVay, 1984; Zahs and Stryker, 1988) , and recent evidence indicates that this organization is preserved in a modular clustering of ON or OFF biases in the responses of layer 4 simple cells (Jin et al., 2011b; Wang et al., 2015) , a major source of input to layer 2/3. Studies that have explored the responses of layer 2/3 neurons to uniform changes in luminance also demonstrate that individual neurons can exhibit preferences for luminance increments or decrements (Jung and Baumgartner, 1955; Hung et al., 2001; Kinoshita and Komatsu, 2001; Peng and Van Essen, 2005; Dai and Wang, 2012) . Nevertheless, the degree to which neurons in layer 2/3 of primary visual cortex exhibit polarity specific responses remains unclear, as does the relation between polarity selectivity and the representation of other stimulus properties, such as selectivity for orientation and direction.
By employing the highly-sensitive calcium indicator GCaMP6s in conjunction with wide-field and two-photon imaging, we demonstrate a robust modular representation of luminance polarity in the superficial layers of ferret primary visual cortex. Uniform changes in luminance reveal a modular arrangement of neurons in layer 2/3 that respond preferentially to the polarity of stimulus transitions. Presentation of single light/dark edges also evokes a strong polarity-specific pattern in layer 2/3 that extends beyond domains strongly driven by uniform luminance, and includes neurons selective for orientation and direction of motion. Moreover, the integration of orientation and polarity preference is evident in the selectivity and discrimination capabilities of most layer 2/3 neurons. We conclude that polarity selectivity is a prominent organizing feature of layer 2/3 neurons in primary visual cortex, one that ensures that the distinction between light and dark stimuli is available for further processing in downstream extrastriate areas.
RESULTS

A Modular Representation of Uniform Luminance Polarity in Layer 2/3
To probe the population representation of luminance polarity in the superficial layers of visual cortex, we utilized virally-expressed GCaMP6s in conjunction with wide-field epifluorescence imaging to visualize neural activity over cortical regions spanning several millimeters in diameter. We first examined the patterns of activity evoked by increments and decrements in uniform (full-field) luminance changes. This stimulus produced robust and reliable increases in the magnitude of GCaMP fluorescent signal across the visual cortex ( Figure 1A ). Strikingly, increases in luminance (ON-steps) produced a distinct and largely complementary pattern of activation from decreases in luminance (OFF-steps, Figure 1A) , and difference images revealed a mapping of polarity preference for ON and OFF transitions across the cortex ( Figure 1B and see Figure S1 and Movie S1 available online). Notably, these ON and OFF responses reflect changes in relative as opposed to absolute luminance, as equivalent polarity preference maps could be generated when ON and OFF steps were made to the same luminance (Figures S2A and S2B) .
For a functional map to be considered meaningful, it should exhibit a reliable spatial pattern of activation for each stimulus, as well as show limited overlap in the activation patterns elicited by opposing stimuli. The high signal-to-noise of GCaMP6s, coupled with the high spatial resolution of wide-field epifluorescence imaging, allowed us to compare the responses to ON and OFF stimuli on individual trials. We find significant trial-to-trial correlations in the spatial response pattern within each stimulus and weak correlations between stimuli (Figures 1E and S1D, r = 0.54 ± 0.05 for trial maps with the same polarity, and r = 0.11 ± 0.04 for trial maps with different polarity, n = 15 maps from 15 animals), demonstrating a strong and reliable mapping of polarity preference in primary visual cortex. Furthermore, we did not find any age-related differences in polarity selectivity (median selectivity: r = À0.15, p = 0.59, top tenth percentile of selectivity: r = À0.01, p = 0.95, n = 15 maps), observing strong polarity maps in all ages examined, extending from just after eye opening (P30) to adulthood (P498) ( Figure S1 ).
Cellular Mapping of Polarity Preference in Layer 2/3
Wide-field epifluorescence imaging reflects aggregate neural activity at the population level, mixing signals originating in axons, dendrites, and somata. To determine if polarity maps obtained through epifluorescence imaging reflect the properties of individual layer 2/3 neurons, we performed two-photon imaging of identified GCaMP-labeled neurons. Significant ON and OFF responses could be evoked in a majority of visually responsive neurons (57%, 4,456/7,752, from 73 2D planes in 23 unique x-y locations in 10 animals) and polarity preferences -quantified by computing an ON -OFF ratio (OOR), where À1 indicates responses driven entirely by OFF stimuli, and 1 corresponds to entirely ON responses -showed a strong correspondence to maps obtained with wide-field imaging ( Figure 1C ; Movie S2). Quantifying the polarity preference across all layer 2/3 neurons, we find a small but significant bias in the number of cells selective for ON stimuli ( Figure 1F , OOR = 0.12 ± 0.01, mean ± SEM across n = 4,456 neurons; WSR: p < 0.001). Interestingly, responses to luminance steps were transient, returning to baseline after several seconds (mean response over last 2 s of stimulus versus first 2 s: 0.32 ± 0.04%, mean ± SEM, n = 4,456 neurons, Figure 1D ). A small fraction of neurons exhibited sustained responses (4.35%, 194 of 4,456 neurons), and may be analogous to the ''luxotonic'' cells described previously, which display sustained responses to prolonged (>1 min) luminance stimuli (Bartlett and Doty, 1974) . Notably, these luxotonic neurons are found frequently in primates (Bartlett and Doty, 1974; Kayama et al., 1979) but only comprise 4% of neurons in the cat (DeYoe and Bartlett, 1980) . Polarity preferences in layer 2/3 neurons appear to exhibit strong spatial organization, both tangentially across the cortical surface and radially across depth in layer 2/3 ( Figure 1G ). To quantitatively assess the degree of spatial clustering, we computed the pairwise difference in polarity preference as a function of horizontal separation. The slope of this relationship provides a measure of the dependence of the similarity in polarity preference on distance, and was significantly greater than in position-shuffled data ( Figure 1H , bootstrap versus shuffled maps, p < 0.0001, n = 73 2D planes from 10 animals). To assess radial clustering, we compared the polarity preference of each neuron in an imaged volume to all cells located within a radially oriented 100 mm diameter cylinder. We again find a significantly greater similarity compared to shuffled data ( Figure 1I , p = 0.003, n = 18 volumes from 8 animals), demonstrating a strong modular organization of polarity preference in layer 2/3 neurons.
Perceptually, the ability to detect a luminance change is dependent on both the magnitude of the change and the combined luminance across the change (Whittle, 1986 ) (termed Michelson contrast). We observed a strong linear relationship between response amplitude and Michelson contrast both for individual layer 2/3 neurons ( Figure 1J , r = 0.91, p < 0.001, n = 1,660 cells from 4 animals) and in wide-field imaging ( Figure S2C , r = 0.81, p < 0.001). These results indicate that the luminance response of layer 2/3 cells exhibits the properties that would be expected for circuits that underlie the perception of uniform luminance changes.
Relative Responsiveness to Uniform Luminance and Grating Stimuli Varies across the Cortical Surface
Given that selectivity for the orientation of edges is such a dominant property of layer 2/3 neurons, we naturally wondered how this pattern of activity driven by changes in uniform luminance was related to patterns of activity driven by drifting, grating stimuli. To examine the strength of uniform luminance and grating responses across the cortex, we compared the pixel-wise maximum response found across uniform luminance stimuli with that found across all orientations of grating stimuli. Population responses evoked by uniform luminance transitions varied in strength across the cortical surface, displaying a prominent patchy organization (Figure 2A) . To compare the magnitude of these responses to those evoked by gratings ( Figure 2B driven solely by luminance steps. Maps of RSI also revealed a patchy organization, with some regions strongly dominated by grating responses, whereas other areas exhibited comparable responses to grating and uniform luminance stimuli ( Figure 2C ). This organization suggests a partial segregation of neurons that are responsive to uniform luminance and grating stimuli. In order to evaluate this relationship at the cellular level, we employed the same analysis with luminance and grating stimuli using two-photon imaging. A similar distribution of RSI values was observed in the responses of single neurons, with the majority of cells more strongly driven by grating stimuli (Figures 2D and 2E, n = 7, 752 neurons from 10 animals). Interestingly, we also identified a spatially clustered population of neurons driven weakly by oriented gratings, but strongly by changes in uniform luminance ( Figure 2D, right) . Overall, neurons exhibited significant spatial clustering according to RSI ( Figures 2F-2H , bootstrap versus shuffled maps, p < 0.0001, n = 73 2D planes from 10 animals), confirming the patchy nature of the response to changes in uniform luminance observed with wide-field imaging. We also found a strong relationship between RSI and selectivity for both luminance polarity and grating orientation. Neurons with high RSI (responses dominated by luminance change) exhibited higher selectivity for polarity and reduced orientation selectivity compared with neurons dominated by grating responses, consistent with electrophysiological observations in the cat (Dai and Wang, 2012) (Figures S3A-S3E ; correlation of RSI versus polarity selectivity: r = 0.33, p < 0.001, n = 4,456 luminance-step responsive cells from 10 animals; RSI versus orientation selectivity: r = À0.40, p < 0.001, n = 6,988 grating responsive cells from 10 animals). Importantly, although the preferred grating frequency was lower for luminance-dominated neurons (defined as RSI > 0.3, see Experimental procedures), these cells continued to exhibit reduced orientation selectivity even at their preferred stimulus (Figures S3F-S3H, KW: p < 0.001, post hoc WRS: luminance-versus grating-dominated: p < 0.001, n = 92, 458).
The presence of a vigorous response to full-field stimuli coupled with a preference for lower frequency gratings suggests that luminance-dominated neurons may exhibit larger receptive fields. To facilitate this analysis, we split neurons into 3 bins according to RSI ( of varying size, we find that luminance-dominated neurons exhibited a preference for significantly larger stimuli than cells with grating-dominated responses ( Figure S4 , KW: p < 0.001, post hoc WRS: luminance-versus grating-dominated: p < 0.001, n = 106, 259). To assess receptive field organization, we utilized a drifting edge stimulus comprised of a single edge transitioning from either black-to-white (ON) or white-to-black (OFF). Responses to the edge were back-projected into stimulus space and thresholded to produce an estimate of the receptive field organization (Fiorani et al., 2014) (Figures S5A-S5E ). Luminance-dominated neurons displayed enlarged receptive fields relative to grating-dominated neurons ( Figure 
Polarity Selective Responses Evoked by Edges
Taken together, these results clearly demonstrate that the polarity of uniform luminance transitions is represented within a subset of layer 2/3 neurons, in the form of a modular map of ON and OFF preferences. But are polarity maps a feature unique to changes in uniform luminance, or might a similar structure also apply to luminance transitions that define object boundaries: i.e., edges? To examine whether a polarity bias for edges is evident in layer 2/3, we employed a stimulus composed of a drifting edge defined by a single luminance transition, as described above ( Figure 3A ). 3B-3D). Notably edge stimuli with the same orientation, but opposite polarity, evoked different spatial response patterns, and clear polarity difference maps could be created for each orientation (Figure 3E ; Movie S3). Polarity preferences were largely consistent for each edge orientation as seen in the clear modular structure of polarity preference maps produced by averaging ON and OFF responses across orientations ( Figure 3F ). In identified layer 2/3 neurons under two-photon imaging, edge stimuli also evoked vigorous responses that in many cases displayed strong selectivity for edge polarity ( Figure 3H ), and which showed good correspondence to preferences measured with wide-field imaging at the same cortical location ( Figure 3G ). Together, these results demonstrate that edges in the visual environment strongly drive polarity selective circuits in layer 2/3. To assess how the modular patterns evoked by edges compare with those evoked by changes in uniform luminance, we examined the polarity preference maps for both stimuli in the same animal. We find a high degree of similarity in the polarity maps evoked by each stimulus, with individual domains that exhibit similar ON and OFF preferences to both stimuli ( Figures  4A and S6) . However, the degree of polarity selectivity in a given region of cortex varies between the stimulus conditions, with some regions displaying elevated polarity selectivity for uniform luminance transitions, and others for drifting edges ( Figure 4B ). As might be expected, the pattern of relative polarity selectivity is consistent with the degree of responsiveness to gratings versus uniform luminance ( Figure 4C ): regions of the cortex more strongly driven by gratings exhibit higher polarity selectivity for edge stimuli than uniform luminance stimuli, and vice versa for regions with strong uniform luminance responses (relative selectivity versus RSI: r = 0.36 ± 0.05, n = 5).
At the cellular level, edges evoked polarity selective responses with preferences similar to those elicited by uniform luminance transitions ( Figure 4D ). As with wide-field imaging, the relative degree of polarity selectivity varied as a function of RSI. Cells strongly driven by uniform luminance exhibited weaker selectivity to edge polarity ( Figure 4E ; WRS: p < 0.001 for RSI bins > 0.4, see Supplemental Information). In contrast, cells with low RSI (strongly driven by gratings and weakly responsive to uniform luminance stimuli) showed greater polarity selectivity for edges of their preferred orientation compared to uniform luminance stimuli (WRS: p < 0.003 for RSI bins < 0.2; p = 0.527 for RSI 0.2 to 0.4, see Supplemental statistics). These results demonstrate that edges not only evoke polarity selective responses similar to uniform luminance transitions, they do so over a larger cortical area by driving selective responses in regions poorly activated by changes in uniform luminance.
Overall, strong polarity selectivity (defined as a greater than 2:1 ratio of polarity-specific responses for either uniform luminance or edge stimuli) was observed in 57.8% of neurons (2,021/3,498 responsive neurons, from 16 FOV in 4 animals). Notably, the percentage of neurons with strong polarity selectivity was similar for strongly orientation selective cells (56.9%, 1,620 of 2,847 cells with 1-circular variance > 0.3), as well as for strongly direction selective cells (57.8%, 892 of 1,544 cells with one-directional circular variance >0.3), demonstrating that polarity selectivity is pervasive in layer 2/3 neurons and coexists with strong orientation and direction selectivity.
Uniform Coverage of Orientation and Polarity
Polarity selectivity appears to be a wide-spread feature of layer 2/3 responses to uniform luminance changes and edges, which raises the question of whether this representation, like other modular representations, repeats at a scale and with the regularity to ensure uniform coverage across visual space. To address this, we computed coverage maps to quantify the percentage of a given stimulus space that is represented within a given cortical region. Search areas ranged from 500-2,000 mm in diameter, and coverage values of 100% indicate a complete representation (of both ON and OFF polarity preferences, or 0 to 180 orientation preferences), while 0% indicate only a single polarity or orientation is represented within a local region. By definition, coverage of orientation space is complete over a cortical area the size of an orientation hypercolumn (approximately 1,000 mm; coverage: 97.2% ± 2.5%, mean ± 95% confidence intervals), and we find that the representation of polarity preference also achieves uniform coverage at this scale ( Figures 5A and 5B , 96.2% ± 5.9%, mean ± 95% confidence intervals, n = 15 animals). Importantly, the joint coverage of orientation and polarity at the hypercolumn scale was also high (88.2% ± 4.5%, mean ± 95% confidence intervals, n = 15), indicating that the cortex is capable of representing all combinations of edge polarity and orientation.
Several studies have suggested that feature maps in the primary visual cortex are spatially arranged in an orthogonal manner to maximize coverage of stimulus space across the visual field (Hü bener et 2005; but also see Ribot et al., 2013) . Remarkably, no such relationship appears to exist for polarity and orientation maps, as the intersection angles of the map gradients exhibit a near uniform distribution ( Figures 5C-5F , WSR: p = 0.60). Given this lack of orthogonality between the orientation and polarity map, what might account for the high degree of coverage we observe? Although orthogonality in feature maps has been shown to produce optimal coverage of stimulus space (Swindale et al., 2000) , coverage can also be high if hypercolumns are of different sizes or are spatially isotropic (Swindale, 1991) . We therefore fit wavelets to polarity and orientation maps to assess the local size and shape of cortical domains. Indeed, we found that polarity hypercolumns are approximately 25% larger than orientation hypercolumns, ( Figure 5G , polarity domain spacing: 1139.00 ± 49.83 mm, orientation domain spacing: 903.32 ± 29.92 mm, mean ± SEM, n = 15 animals, one orientation and polarity map from each animal, WSR: p < 0.0001) and significantly more isotropic ( Figure 5H , polarity bandedness: 0.0800 ± 0.0183, orientation bandedness: 0.2408 ± 0.0052 mean ± SEM, n = 15 animals, one orientation and polarity map from each animal, WSR: p = 0.004). These results suggest that the high degree of coverage between orientation and polarity space is achieved not through orthogonality, but rather through systematic differences in domain size and shape.
Cortical Response to Edges Reflects Both Orientation and Polarity Preference
The prevalence of polarity selective responses in layer 2/3 neurons that are strongly driven by edges raises the question of how stimulus orientation and polarity interact in determining the responses of layer 2/3 neurons. To evaluate this at the population level, we computed independent measures of polarity and orientation preference (derived from uniform luminance changes and grating stimuli, respectively) and asked how well each preference map predicted the response to a single edge. We constructed a matching response index (MI), reflecting the fraction of the spatial response pattern that could be predicted by either preference map, with MI = 1 reflecting a perfect correspondence of the response pattern to the preference map, 0 indicating no correlation, and negative values indicating an anti-correlation. Polarity preference maps predicted a small but significantly positive fraction of edge responses (Figures 6A and 6B; MI = 0.090 ± 0.017, mean ± SEM, n = 124 edge maps from 5 animals, WSR: p < 0.001). Orientation preference maps yielded significantly better predictions of edge responses (MI = 0.664 ± 0.012, mean ± SEM, n = 124 edge maps from 5 animals, WSR: p < 0.001), however this still failed to account for the response pattern in certain cortical regions (e.g., stars in Figure 6A) . Instead, the intersection of both orientation and polarity preference best predicted the spatial pattern of edge responses (MI = 0.771 ± 0.020, mean ± SEM, n = 124 edge maps from 5 animals, WSR: p < 0.001), with responses restricted to regions matching both dimensions of the stimulus. These results demonstrate that polarity preferences defined from uniform luminance stimuli significantly constrain the response pattern evoked by visual edges and show that in order to account for the pattern of population activity, it is necessary to consider both edge polarity and orientation.
These results utilizing independently derived estimates of polarity and orientation preference suggest that the cortex jointly encodes both polarity and orientation in neuronal responses. If such a joint representation is present, it should be manifest in an interdependence of the selectivities for both stimulus features. To address this at the population level, we examined the degree to which selectivity for one stimulus dimension was impacted by the properties of the other stimulus dimension. Selectivity for the preferred polarity at the preferred orientation was significantly higher than for either dimension alone ( Figures  6C and 6D , n = 5 animals, WSR: p = 0.03). This enhancement in selectivity was present across a large majority of cortical area ( Figure 6E , 83.34% ± 1.52%, mean ± SEM, n = 5 animals, WSR: p = 0.03), including regions with weak responses to uniform luminance stimuli and strong responses to oriented gratings ( Figure 6F , n = 5 animals, WSR: p = 0.03 for all RSI values). The conjoint representation of edge orientation and polarity is also evident in the responses of individual neurons. Orientation selectivity of individual neurons was significantly enhanced for edges at the preferred polarity (Figures 7A and 7B ; WSR: p < 0.001, n = 3,293). Similarly, the polarity selectivity of individual neurons was significantly greater for edges at the preferred orientation (Figures 7C and 7D ; WSR: p < 0.001, n = 3,293). These results demonstrate that the interaction of both edge orientation and edge polarity plays a critical role in determining the responses of layer 2/3 neurons.
Cooperative Discriminability of Stimulus Orientation and Polarity
To understand how these effects might be conveyed to downstream areas and contribute to the processing of edges in the visual environment, we quantified the ability of individual neurons to discriminate orientations while either ignoring or incorporating luminance polarity information. We find that discriminability (defined as d 0 using ROC analysis) for both orthogonal and adjacent orientations is significantly greater when using edges of the preferred polarity as opposed to ignoring luminance and pooling responses across both ON and OFF edges (orthogonal : Figure 7E ; WSR: p < 0.001, n = 3,293; adjacent: Figure 7F ; WSR: p < 0.001, n = 3,293). Similarly, discriminability of ON versus OFF edges significantly improved at the preferred edge orientation ( Figure 7G ; WSR: p < 0.001, n = 3,293). Lastly, considering both polarity and orientation preferences results in a combined discriminability that is significantly higher than for either stimulus dimension alone ( Figure 7H ; WSR: p < 0.001, n = 3,293), suggesting cooperative interactions between polarity and orientation. Improvements in discriminability were observed for nearly all cells, regardless of the RSI (Figure S7 ), demonstrating that a joint encoding of orientation and polarity is a fundamental feature of layer 2/3 neurons.
DISCUSSION
Our results demonstrate a robust modular representation of luminance polarity in layer 2/3 of primary visual cortex. This novel representation is reflected both in the organization of largescale population activity, and in the ordered arrangement of polarity preference among individual layer 2/3 neurons. Polarity selectivity is a pervasive feature of layer 2/3 responses, evident in neurons that are highly sensitive to changes in uniform luminance as well as those that are selective for edge orientation and direction of motion. We conclude that selectivity for luminance polarity is a prominent organizing feature of layer 2/3 in primary visual cortex, one that ensures that the distinction between light and dark stimuli is maintained for transmission to downstream extrastriate areas.
Prior results utilizing intrinsic signal imaging indicated a lack of polarity maps in layer 2/3 (Chapman and Gö decke, 2002) , suggesting that segregated polarity preference was lost between the input and output layers of primary visual cortex. However, intrinsic signal imaging is limited by the nature of the hemodynamic signal, and is likely to miss weak or transient responses. We suspect that uniform luminance changes, because they tend to evoke weaker and more transient responses than gratings, are likely insufficient to drive strong hemodynamic responses, perhaps accounting for the prior inability to visualize polarity maps with intrinsic signal imaging (Chapman and Gö decke, 2002) . In contrast to intrinsic signal imaging, calcium imaging is both highly sensitive and able to report rapid changes in neural activity. Indeed, by utilizing GCaMP6s and wide-field epifluorescence imaging we were able to measure a transient activation in response to uniform luminance changes with single-trial resolution. Therefore our results, along with those of Wang and colleagues (Wang et al., 2015) , demonstrate that the merger of ON and OFF pathways to generate orientation selective neurons does not come at the expense of the differential representation of ON and OFF. By showing the modular mapping of polarity preference continues in the cortical output layer, our results suggest that segregated ON and OFF pathways are capable of influencing higher order cortical processing. Potential Circuit Mechanisms for Polarity Selectivity in Layer 2/3 Feedforward inputs from layer 4 simple cells with matched biases for either ON or OFF are a clear candidate to produce the joint representation of orientation and polarity we find in layer 2/3 neurons. Pooling inputs across simple cells with matched orientation and polarity but varied spatial phase would give rise to complex receptive fields with a preference for both edge orientation and polarity. The responses of a subset of layer 2/3 neurons to changes in uniform luminance could result from a similar aggregation of layer 4 inputs, albeit one that pools across simple cell orientation as well as spatial phase.
Alternatively, responses to uniform luminance could occur through direct innervation of layer 2/3 neurons by geniculocortical axons, analogous to the konicellular and parvocellular C lamina input to cytochrome oxidase blobs observed in primates and cats respectively (Livingstone and Hubel, 1982; Fitzpatrick et al., 1983; Boyd and Matsubara, 1996; Hendry and Reid, 2000) . Indeed, uniform luminance changes have been shown to drive robust responses in the thin stripes of primate V2 (Wang et al., 2007) , an area which receives its principle synaptic input from cytochrome oxidase blobs (Sincich and Horton, 2005) . The presence of a direct thalamocortical projection might account for the lower orientation selectivity ( Figure S3 ) and more simple-like receptive fields observed in neurons driven strongly to uniform luminance changes ( Figure S5) .
The results presented here show a slightly greater number of ON-versus OFF-preferring neurons in layer 2/3, a bias that contrasts with the OFF dominance that has been reported in the primate and cat visual cortex (Jin et al., 2008; Yeh et al., 2009; Xing et al., 2010; Wang et al., 2015) . This difference could be due to a fundamental difference in ON -OFF biases that are present in inputs supplied by the lateral geniculate nucleus. Indeed, geniculocortical axons terminating in layer 4 of the cat have been shown to exhibit an OFF bias (Jin et al., 2008) , while those in the ferret exhibit an ON bias . But, the OFF bias in geniculocortical axons that has been reported in cat layer 4 is present only within the area centralis representation, at eccentricities <5 (Jin et al., 2008) raising another potential explanation: that the difference in the polarity of the bias reflects differences in the eccentricity at which the data were acquired. Consistent with this possibility, the cortical regions most accessible to imaging in ferrets (including the areas imaged in this study) represent the lower visual field 10-20 below the horizontal meridian (Law et al., 1988) .
Organization of Multiple Functional Maps in Visual Cortex
Given these observations, polarity selectivity should now be added to the list of fundamental visual response properties that are arranged in a modular fashion within cortical layer 2/3. (G) Discriminability of ON versus OFF edges is significantly enhanced at the preferred orientation.
(H) Combined discriminability along the intersection of preferred orientation and polarity is significantly greater than for either orientation or polarity alone. See also Figure S7 .
Previous studies have demonstrated orderly modular mapping for orientation, direction of motion, and spatial frequency, as well as the relative strength of the inputs from the two eyes (Blasdel and Salama, 1986; Weliky et al., 1996; Issa et al., 2000; reviewed in Nauhaus and Nielsen, 2014) . While the functional significance of columnar architecture continues to be debated (e.g., see Horton and Adams, 2005) , the presence of multiple modular maps in visual cortex implies that the spatial layout of each feature map must be constrained by the spatial layout of other maps in order to accommodate a complete representation of stimulus features in the visual cortex. Indeed, several studies in carnivores and primates have suggested that optimal coverage of multiple feature maps is achieved by organizing maps orthogonally to each other (Blasdel and Salama, 1986; Swindale, 1991; Bartfeld and Grinvald, 1992; Obermayer and Blasdel, 1993; Hü bener et al., 1997; Swindale et al., 2000; Nauhaus et al., 2012) . However, evidence for orthogonality between functional maps in the ferret remains mixed. In addition to the lack of orthogonality between polarity and orientation maps we show here, two other imaging studies reported a weak tendency for the orientation and ocular dominance maps to be orthogonal (White et al., 2001; Yu et al., 2005) . This lack of strong orthogonal relationships between functional maps might indicate that the general principle of stimulus coverage is relaxed. Yet theoretical work suggests that if hypercolumns of one or more feature maps are spatially isotropic, the benefit of orthogonality is diminished (Swindale, 1991) . Moreover, stimulus space coverage is improved whenever there is a mismatch in the hypercolumn size between two features maps. Thus, we postulate that structural differences between hypercolumns, rather than an orthogonal organization of maps, contribute toward extensive coverage of stimulus space in ferret visual cortex.
Contribution of Luminance Polarity to Visual Perception
Our results emphasize that polarity selectivity is a pervasive feature of layer 2/3 neurons, impacting the responses of neurons that exhibit a broad range of properties including a response to uniform luminance, as well as selectivity for the orientation of edges and for direction of motion. While segregation of the information from ON and OFF pathways in early visual areas is well documented, considerably less attention has been paid to the degree to which cortical networks maintain polarity selective signals, and the role that these signals play in encoding visual information. Indeed, much of the literature on the responses of complex cells, the predominant cell type in layer 2/3 of carnivores has not considered polarity selectivity a major factor in the mechanisms that underlie coding of visual information by these neurons.
The fact that orientation and polarity preference are inseparable in the responses of layer 2/3 neurons has several implications for downstream coding, including suggesting a potential neural substrate for the well documented impact of oriented contours on brightness perception (Paradiso, 2000) . The clear polarity-dependent gains in orientation discriminability also suggest that generating a downstream orientation detector indifferent to polarity through the pooling of both ON and OFF biased inputs originating in layer 2/3 neurons would necessarily result in decreased orientation discriminability in the downstream cell.
A similar argument holds for the assembly of a pan-orientation detector of edge polarity, which would necessarily abandon the orientation-specific gains in polarity discrimination present in layer 2/3 neurons. Thus, our finding that edge orientation and polarity are inseparably linked in nearly all layer 2/3 neurons implies that in order to avoid a loss of selectivity, separate processing of ON and OFF pathways must continue beyond layer 2/3 and into higher visual areas.
The idea that information from ON and OFF channels continues to be processed in parallel by cortical circuits is consistent with evidence from human psychophysical studies showing that the cortical mechanisms for encoding direction of motion and stereopsis extract these properties independently for light and dark stimuli (Mather et al., 1991; Harris and Parker, 1995; Clark et al., 2014) . Furthermore, maintaining separate pathways allows the cortex to take advantage of asymmetries in ON and OFF processing, including enhanced spatial resolution and faster processing of dark stimuli (Jin et al., 2011a; Komban et al., 2011 Komban et al., , 2014 Kremkow et al., 2014) . The separate processing of light and dark stimuli appears to enhance the fidelity of motion estimation, taking advantage of correlations in natural scenes (Clark et al., 2014) . Similarly, disparity tuning mechanisms are thought to benefit from distinct light and dark signals in matching the inputs from the two eyes, and in extracting environmental correlations between brightness and depth (Samonds et al., 2012) . Indeed, blocking the ON pathway in primates slows behavioral discrimination of both motion and stereoscopic depth (Schiller et al., 1986) . Polarity signals also appear critical for the cortical mechanisms that are responsible for higher order perceptual functions such as the detection and recognition of faces Edmonds, 2003, 2005; Liu-Shuang et al., 2015) . In short, the modular arrangement of polarity selectivity in layer 2/3 of primary visual cortex emphasizes the critical contribution that polarity-specific signals make to cortical mechanisms of visual processing, a contribution that originates in distinct populations of retinal bipolar cells, and is maintained by the cortical neurons that supply synaptic input to multiple extrastriate areas.
EXPERIMENTAL PROCEDURES
All experimental procedures were approved by the Max Planck Florida Institute for Neuroscience Institutional Animal Care and Use Committee and were performed in accordance with guidelines from the U.S. National Institutes of Health. Fifteen female ferrets were obtained from Marshall Farms and were housed a 16 hr light/8 hr dark cycle. Animal ages ranged from P30 to P496. Within this dataset, seven animals were aged P30-P40, during which time orientation maps strengthen and direction maps emerge; eight animals were between P40 and P60 when orientation and direction maps are mature; and two adult jills (P406 and P496).
Viral injections of AAV2/1.hSyn.GCaMP6s.WPRE.SV40 were performed as previously described (Smith et al., 2015) .
Cranial Window Surgery After 6-14 days, animals were anesthetized with ketamine (50 mg/kg) and maintained with isoflurane (1%-2%), a tracheotomy was performed, and an IV catheter was inserted into either the cephalic vein or the external jugular vein. Animals were mechanically ventilated and both heart rate and end-tidal CO 2 were monitored throughout the experiment. A metal headplate was implanted over the injected region and a craniotomy was performed. The dura was then resected, and the brain stabilized with a 2% agarose plug and an 8 mm glass coverslip. In some animals, the agarose plug was substituted, and instead a clear Kwik-Sil plug (World Precision Instruments, 3-4 mm diameter, $1 mm thickness) or a custom glass coverslip (3 mm diameter, 1.4 mm thickness) was adhered to the 8 mm glass coverslip. The headplate was hermetically sealed with a stainless steel retaining ring (5/16'' internal retaining ring, McMaster-Carr) and glue (VetBond, 3M).
For imaging, isoflurane was reduced to 0.5%-0.75% and animals were paralyzed with either vecuronium or pancuronium bromide (2 mg/kg/hr in lactated Ringer's, delivered IV). This anesthetic regimen produced highly stable heart rates of 280-330 bpm for the duration of imaging, with end-tidal CO 2 levels stably maintained between 35 and 45 mmHg. Phenylephrine (1.25%-5%) and tropicamide (0.5%) were applied to the eyes to retract the nictitating membrane and dilate the pupil, and the cornea was protected with regular application of silicon oil.
Wide-Field Epifluorescence and Two-Photon Imaging
Wide-field eplifuoresence imaging was achieved with a Zyla 5.5 sCMOS camera (Andor) controlled by mManager (Edelstein et al., 2010) . Images were acquired at 15Hz with 4 3 4 binning to yield 640 3 540 pixels. Two-photon imaging was performed with either an Ultima IV microscope (Prairie Technologies) or B-Scope microscope (ThorLabs) driven by a Mai-Tai DeepSee laser (Spectra Physics) at 910 nm. For the Ultima IV microscope images were collected at 0.6-1.6 Hz. For the B-Scope controlled by ScanImage 4.2 (Vidreo Technologies) four image z-planes (512 3 512 pixels) separated by $30 mm were acquired at 6Hz with a piezo controller. For each direction of motion, the polarity of the edge was alternated between an ON and OFF edge (i.e., an ON edge consists of a black screen with a swept white edge, and an OFF edge was a white screen with a swept black edge). All stimuli were produced using PsychoPy (Peirce, 2007) .
Visual Stimulation
Two-Photon Imaging
ROIs were manually drawn around identified neurons and raw fluorescence for each frame was computed as the mean of all pixels in the cellular ROI. On a trialby-trial basis, stimulus-evoked responses were taken as the peak DF/F 0 during the first 2 s of the stimulus interval. F 0 was computed by applying a 60 s median filter to fluorescence traces, followed by a first-order Butterworth high-pass filter with a cut-off time of 60 s. Neurons were considered visually responsive to a stimulus if the response to the preferred stimulus (averaged across trials) was both greater than zero and 2 SD above the mean blank response.
Wide-Field Epifluorescence Imaging
As fields of view are larger for wide-field epifluorescence imaging, functional maps were only collected from a single cortical location in each animal.
Responses were expressed as DF/F 0 , where F 0 is defined as the last 2 s of the inter-stimulus interval immediately preceding stimulus onset. For analysis of wide-field epifluorescence single-condition maps, a spatial filter was sometimes necessary to eliminate signal strength variations and measurement noise (see Supplemental experimental procedures). Spatial filtering was explicitly excluded from Figures 1A-1C , S1A-S1C, 2A-2C, 4C, and S2C.
General Analysis
For both cells and pixels, polarity selectivity was measured through the use of an ON -OFF ratio (OOR), defined as the trial-averaged differential response between ON responses (luminance increments, R ON ) and OFF responses (luminance decrements, R OFF ), and computed as OOR = (R ON -R OFF )/(R ON + R OFF ). Polarity selectivity is the absolute value of OOR.
Response strength index (RSI) was computed using the strongest evoked responses to a uniform luminance stimulus and contrast gratings, RSI = (R uniform -R grating )/(R uniform +R grating ), where R uniform is the strongest uniform luminance response (either ON or OFF) and R grating is the strongest grating response. For some analyses ( Figures S3-S5 and S7 ), neurons were binned according to their RSI, with RSI < À0.3 ($2:1 bias toward contrast grating responses) termed contrast grating biased (C), RSI > 0.3 ($2:1 bias toward uniform luminance responses) termed uniform luminance biased (L), and intermediate RSI values termed nonbiased (N). Spatial clustering of RSI was assessed as above.
Analysis of Functional Maps
Correlations between functional maps were computed as the pixelwise Pearson's correlation coefficient in the imaging ROI. Wavelet analysis was used to quantify the mean domain spacing and bandedness within each functional map. Map relationships were assessed by computing the angle between the spatial gradients of the orientation preference and polarity maps. Spatial gradients were computed as the approximate spatial derivative at each point in a map. Coverage maps were computed pixelwise by determining the normalized percentage of a given stimulus space that is represented within a local neighborhood surrounding each pixel. The local neighborhood searched ranged from a diameter of 500-2,000 mm.
Analysis of Wide-Field Epifluorescence Data for Edge Stimulus
Stimulus-evoked responses were taken as the peak fluorescence across the stimuli period. For each direction, polarity maps were computed as a difference between sweeps of the ON polarity and OFF polarity. A polarity map for the edge stimulus was computed by averaging OOR maps across all presented directions. Next, we computed a matching response index (MI) to estimate how much of the spatial pattern of edge-evoked responses could be predicted by either polarity preference, orientation preference, or an intersection of both properties. For considering whether a pixel was better modulated by polarity, orientation, or intersection, pixels were segregated into different bins based upon their orientation and polarity preference. Based upon the above binning, the appropriate trial-averaged single-condition edge maps were selected to compute a pixel's relative edge selectivity for polarity, orientation, and intersection. A pixel was considered to be best described by either polarity, orientation, or intersection depending on which of the three edge selectivity measures had the largest value.
Analysis of Cellular Data for Edge Stimulus
For each neuron, fluorescence signals were converted to DF/F 0 with F 0 calculated with a median filter and corrected for the response delay (Kalatsky and Stryker, 2003; Fiorani et al., 2014) . Receptive fields (RFs) were derived from drifting edge stimuli by backprojecting the calcium responses into stimulus space (Fiorani et al., 2014) , thresholded, and fit with a 2D Gaussian. Overlap index was computed as in (Martinez et al., 2005) .
For each neuron, the edge evoked response for a stimulus was taken as the peak DF/F 0 value within each stimulus presentation, following application of a three-sample median filter. Baseline responses were taken during the first 1 s of each stimulus presentation, when the edge was well outside of the receptive field. Stimulus discriminability was assessed through receiver operating characteristic (ROC) analysis, and d-prime (d 0 ) was calculated as 2*(AUC À 0.5),
where AUC is the area under the ROC curve.
Statistics
Nonparametric methods were used throughout the paper. Global tests of significance (Kruskal-Wallis (KW)) were followed by post hoc tests: Wilcoxon sign rank (WSR) and Wilcoxon rank sum (WRS). Additional details are available in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, three movies, and Supplemental Experimental Procedures and can be found with this article at http:// dx.doi.org/10.1016/j.neuron.2015.10.019.
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